INTRODUCTION
The purpose of this work is to examine the applicability of the Caustic-Side Solvent Extraction (CSSX) process for the removal of cesium from Hanford tank-waste supernatant solutions in support of the Hanford Interim Pretreatment System (IPS). The IPS was authorized by the U.S. Department of Energy (DOE) in December 2007 to provide pretreated low-activity waste (LAW) for early operations of the Hanford Waste Treatment Plant (WTP) LAW facility and/or operation of a supplemental immobilization technology independent of the WTP. The major function of the IPS will be cesium removal from the waste, for which the CSSX process is considered a candidate technology. The results presented herein were requested through the IPS program management to allow an evaluation of CSSX in comparison with other candidate technologies so as to select a single preferred technology for conceptual design. Feed compositions to be examined are shown in Table 1 , which also shows the minimum decontamination factors (DFs) needed based on a maximum activity in the treated LAW of 1.5 × 10 -5 Ci/mol Na. Cesium distribution ratios (D Cs = [Cs] org /[Cs] aq ) for extraction of the specified feed compositions by the CSSX solvent were to be either calculated using an existing thermodynamic model, provided it was found to be suitably parameterized, or determined experimentally for selected feeds. Assuming a target cesium decontamination factor (DF) of 5000 and a concentration factor (CF) in the range [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] , the values of D Cs corresponding to each feed are needed to calculate a flowsheet specifying the minimum number of centrifugal-contactor stages and phase flow rates needed to meet the process targets. Based on the physical properties of the phases, the contactor sizes that would furnish a throughput of 20.8 L/min. were to be determined. These results would provide the basis for follow-on plant flowsheet calculations and cost estimation for comparison of the candidate IPS technologies.
As described in a recent review [1] , the CSSX process was developed for removal of cesium from highly alkaline sodium nitrate wastes of the type stored in underground tanks at the Hanford and Savannah River sites. The process as currently practiced has been optimized [2] [3] [4] [5] [6] and demonstrated [7] [8] [9] for removal of cesium from salt waste at the Savannah River Site (SRS). To meet the needs of the SRS Salt Waste Processing Facility (SWPF) [10] , the CSSX process has been designed and demonstrated to remove cesium with a decontamination factor (DF) in excess of 40,000, concentrating it by a factor (CF) of 15 in a stream of 1 mM HNO 3 suitable for vitrification. A scaled-down implementation of CSSX is currently in operation within the Mobile CSSX Unit (MCU) at the SRS, providing a waste-treatment capability at the SRS at least four years in advance of the anticipated full-scale operation at the SWPF.
Whether a scaled-down CSSX implementation would be viable at Hanford depends primarily on the achievable cesium distribution ratios (D Cs ) using CSSX solvent for anticipated Hanford waste feeds. Early development of CSSX had in fact been targeted at Hanford type waste compositions [11, 12] , which can differ from the SRS wastes in having potassium concentrations as high as 1 M, compared with a maximum of 0.05 M in SRS wastes [4, 13] . Calixarene-crown extractants of the type used in the CSSX solvent are known to extract cesium vs potassium with a separation factor (D Cs /D K ) on the order of 10 2 [14] . Despite what is evidently excellent selectivity, potassium concentrations can be on the order of 10 2 times that of cesium in the waste, even at the SRS, making potassium loading of the extractant an important determinant of the achievable magnitude of D Cs . This expectation was observed experimentally with SRS simulant compositions [4, 6] . The value of D Cs obtained with the CSSX solvent for the "average" SRS waste is approximately 14 with an O:A phase ratio of 0.33 [6] , allowing a DF of 40,000 to be obtained with good margin (robustness) in 15 stages. The performance of the current CSSX solvent on Hanford type feeds has not been tested. However, with earlier solvent formulations used at O:A = 1, a high-potassium Hanford type simulant gave a D Cs value of approximately 2 [11, 12] , whereas two other Hanford compositions with relatively low potassium concentrations, including a complexant waste [11, 12] and a sludge leachate [13] , gave D Cs values of 18 and 7.9, respectively. Thus, it may be expected that the typical Hanford feed, having much higher potassium content than the average SRS waste, will exhibit compromised extraction strength. a Concentrations in moles per liter unless otherwise indicated. Scientific notation as, for example, "3.51E-05" means "3 × 10 -5 ". Analytes are given as presumed species where possible. b The totalorganic-carbon (TOC) molarity values are moles of carbon per liter; for charge-balancing purposes, the TOC molarity values must be divided by 6, then multiplied by -3.
c The required decontamination factors (DFs) are calculated based on a maximum activity in the treated LAW of 1.5 × 10 -5 Ci/mol Na; they are rounded upward to the nearest hundred. Accordingly, one of the objectives of this report is, in effect, to quantify the effect of potassium insofar as the ability of the CSSX process to meet IPS target process performance in a reasonably small number of stages. It may be noted that stripping, performed in the flowsheet by contacting the loaded solvent with 1 mM HNO 3 at O:A = 5, should not be affected, because two scrub stages with 50 mM HNO 3 at O:A = 5 wash out sodium and potassium salts from the solvent. With stripping fixed at O:A = 5, for example, the maximum O:A ratio in the extraction section can be at most 1.0, 0.5, and 0.33 to achieve CFs of 5, 10, and 15, respectively. An extraction O:A ratio of 1 then implies that the lowest value of D Cs that can be tolerated to avoid pinching is 1. Because extraction distribution ratios should be at least twice this absolute minimum for robustness, the needed D Cs values for viability for IPS purposes would appear to be no less than 2. Higher CF values would require higher values of D Cs ; thus, CF values of 10 and 15 would respectively require needed D Cs values of no less than 4 and 6.
It was concluded at the outset of this work that a combination of experiment and equilibrium modeling would be desirable for determination of the values of D Cs needed for CSSX flowsheet calculations on each of the feeds given in Table 1 . Given that the process is expected to run in the temperature range 15-25 °C, the exothermic nature of the extraction process [4, 6] implies that D Cs values will be lowest at 25 °C and need only be found for this temperature to ensure adequate performance over the entire temperature range. An equilibrium model was earlier developed for the prediction of D Cs values for the CSSX solvent as a function of aqueous-phase composition at 25 °C [16, 17] . The model was validated by comparison of predicted vs experimental D Cs values for SRS type wastes [18] , where the standard error of the predictions was ±4% for simulant compositions. The standard error rose to ±10% for actual wastes, the increase being attributed to the lower accuracy of the stated composition of the actual wastes. An inverse correlation between D Cs and potassium concentration was noted for the SRS waste simulants, which contained up to 59 mM (later found to be higher than the actual waste value of 40 mM). Reasonable agreement was obtained in predicted vs observed D Cs values on adding up to 100 mM potassium to two of the SRS waste simulants. Total sodium in the SRS waste feeds was in the range 5.6-6.2 M, considered comparable to the Hanford compositions listed in Table 1 . However, the Hanford compositions contain 53-174 mM potassium, significantly higher than the SRS wastes. It was therefore judged desirable to validate the model against four Hanford waste compositions up to the highest potassium concentration, expected to produce values of D Cs that are much lower than the range over which the model was validated and that approach the lower limits needed to attain the target CF values of 5-15.
The primary emphasis in the modeling, experimental testing, and flowsheet calculations was focused on the current CSSX solvent composition, but it was also of interest herein to show that an improved solvent formulation and stripping method could potentially yield markedly better flowsheet performance. The current CSSX solvent consists of 0.007 M calix [4] arene-bis(tert-octylbenzo-crown-6), known as BOBCalixC6; 0.75 M 1-(2,2,3,3-tetrafluoropropoxy)-3-(4-sec-butylphenoxy)-2-propanol, known as Cs-7SB modifier; and 0.003 M tri-n-octylamine (TOA) in the diluent Isopar ® L. The development of this solvent system and the function of each of the solvent components have been described in a recent review [1] . Although the solvent has been optimized for SRS wastes [5, 6] , it is herein considered adequate for trial purposes as a candidate technology for the Hanford IPS, with the above-described expectation of lower D Cs values and somewhat less effective performance relative to SRS waste processing. Obviously, performance could be improved if the extraction D Cs value could be increased while not simultaneously increasing the stripping D Cs value. This is not possible by changing the concentrations of the components in the current CSSX solvent. The concentration of BOBCalixC6 is already at just below its solubility limit in the modified solvent [6] , and increases in Cs-7SB concentration decrease hydraulic performance, effectively resulting in lower throughput [5] . Even if such limitations did not exist, increasing either or both the extractant or modifier concentrations would tend to raise the stripping D Cs value by approximately the same factor as it would raise the extraction D Cs value, yielding no overall benefit. Recently, approaches to resolving this dilemma have been proposed [19] . Most promising for near-term application is to simultaneously raise the extraction D Cs value by increasing the extractant concentration and lower the stripping D Cs value by changing the scrub and strip solutions [20] . It is possible to increase the extractant concentration by replacing BOBCalixC6 with its analog in which the tert-octyl groups are replaced with 2-ethylhexyl groups. An isomer of BOBCalixC6, the resulting compound, calix [4] arenebis(2-ethylhexylbenzocrown-6) (BEHBCalixC6), has been shown to have nearly identical extraction properties compared with BOBCalixC6 [21] , which is understandable in that the substitution is remote from the Cs + ion binding site. However, the 2-ethylhexyl groups confer much greater solubility, which is apparently in excess of 50 mM in the CSSX process solvent. Given a roughly first-power dependence of D Cs on calixarene concentration, it is therefore anticipated that a three-fold increase in calixarene concentration could restore extraction D Cs values for Hanford waste feeds to values comparable to those obtained for SRS feeds. Stripping has been dramatically improved by scrubbing the loaded CSSX solvent with 0.1 M NaOH at O:A = 5 and then stripping with 10 mM boric acid. This stripping enhancement can be obtained with the current CSSX solvent using BOBCalixC6. Alternatively, the substitution of BEHBCalixC6 at a higher concentration would be expected to produce simultaneous improvement in both extraction and stripping. An additional possibility is to replace the TOA with a guanidine type extractant [20] , which was shown to produce another order of magnitude in improvement in stripping. In the present work, the current CSSX solvent system is tested at 25 °C using the standard scrubbing with 50 mM HNO 3 at O:A = 5 and stripping with 1 mM HNO 3 at O:A = 5. These results are compared with parallel tests with two alternative solvent formulations, one with TOA and one with the guanidine, with the alternative scrubbing and stripping using respectively 0.1 M NaOH and 10 mM boric acid.
EXPERIMENTAL SECTION

CHEMICALS, WASTE SIMULANTS, AND SOLVENTS
Waste simulants and stock solutions of single salts were prepared directly from ACS (American Chemical Society) grade reagents. For those that were needed in very small quantities in the simulants, it was decided to prepare stock solutions so that these salts could be added volumetrically, as shown in Table 2 . The other compounds needed for the simulants were weighed as shown in Table 3 . The target vs experimental solution concentrations expected according to exact amounts weighed out are given in Table  4 . In most cases, the as-weighed expected concentrations were within 1-2% of the targets. An exception was CsNO 3 , which was 11% higher than the target; this is considered a negligible difference, in that to the extent that its effect is noticeable is actually a slightly more severe condition for the experimental tests, giving a slightly higher loading effect than otherwise expected; loading effects were found to be of negligible consequence (see below). Deionized water was used to prepare all aqueous solutions. Some precipitate was noted in the prepared waste simulants. It is assumed that the precipitates consist of insoluble hydroxides, phosphates, or carbonates of di-, tri-, and tetravalent metals [e.g., Fe(III), La(III), Ni(II), Pb(II), Zr(IV), etc.], and thus, the by-weight concentration expected for these metals given in Table 4 CSSX solvent had the same composition except that the TOA was replaced by the guanidine extractant that is the active ingredient of LIX ® 79 (Cognis), a commercial extraction solvent used for the hydrometallurgical recovery of gold and silver from cyanide leaching of ore. As described elsewhere [20] , the guanidine compound was precipitated as the chloride form using 10 M HCl from a LIX 79 sample supplied by Cognis. 
GENERAL SOLVENT-EXTRACTION AND COUNTING PROCEDURE
Capped 2 mL polypropylene micro-tubes were mounted by clips on a disk that was rotated in a constant-temperature air box at 25.0 ± 0.5 °C for 30 minutes. After the contacting period, the tubes were centrifuged for 3 minutes at 3000 RPM and 25 °C in a Beckman Coulter™ Allegra 6R temperaturecontrolled centrifuge. A 300 µL aliquot of each phase was subsampled and counted using a Packard Cobra II Auto-Gamma counter. Aqueous phases were counted for a period of 5 minutes; organic phases were counted for 10 minutes using a window of 580-750 keV. Counting times were sufficient to ensure that counting error was a negligible fraction of overall precision, considered to be ±5%. In the usual manner [2] [3] [4] [5] [6] , cesium distribution ratios (D Cs ) were determined as the ratio of the background-corrected volumetric count rates of the radioisotope in each phase at equilibrium.
PHYSICAL-PROPERTY DETERMINATIONS
Verification of acceptable phase-separation performance and selection of contactor size(s) required to obtain the processing rate desired for the subject application necessitated determination of physical properties affecting or describing separation of dispersions comprising typical Hanford wastes and CSSX solvent. Due to project time constraints and the limited availability of the BEHBCalixC6-based solvent, characterizations of phase-separation behavior and property determinations were limited to BOBCalixC6-based solvent, simulants that were "bracketing" with respect to concentrations of cesium, potassium, nitrate ion, hydroxide ion, and total ionic strength, and dispersions of BOBCalixC6 with these simulants. The subset of test dispersions was further limited to BOBCalixC6/scrub solution and BOBCalixC6/strip solution pairs derived from extractions from Simulants #6 and #8 after these solvent/simulant extraction pairs were found to be worst case with respect to phase separation.
Three properties were determined: viscosity of simulants and the BOBCalixC6 solvent, density of these components, and the dimensionless dispersion number that quantifies phase separation performance. The latter quantity is defined by the expression [23] 1) in which N Di is the dispersion number, z is the initial height of a dispersed column of solvent and aqueous solutions, a is the acceleration applied to separate the dispersion, and t b is the time required for the dispersion band to collapse into its component phases. In the case of gravity settling, a is replaced by the gravitational constant.
Dispersion numbers were determined for dispersions of the BOBCalixC6-based solvent with each of the four bracketing simulants at the 1:3 O:A phase ratio used in the extraction section of the SRS CSSX flow sheet. In each case, 60 mL of simulant was placed into a graduated cylinder to which 20 mL of solvent was then added. The position of the interface was recorded as was the height of the liquid column. The cylinder was stoppered, agitated manually for 20 s, allowed to settle for 10 s, and agitated for a second time for 20 s. The time required for the interface to return to its original level was measured beginning at the end of the second period of agitation. All determinations were repeated a minimum of four times (giving a minimum of five measurements) for each simulant/solvent pair. All replicates were performed using the original aliquots of simulant and solvent.
Dispersion-number determinations were made under scrubbing and stripping conditions (O:A ratios of 5:1) using extracts generated by N Di determinations involving Simulants #6 and #8. The procedure was identical to that used for extraction-condition N Di measurements.
Density determinations were made gravimetrically; 10 mL volumes of solutions were placed into tared flasks using a calibrated manual pipettor. Total masses of solution and flask were determined using a Mettler model AE260 Delta Range ® balance, which has a resolution to the fourth decimal place (ten thousandths). Determinations were made at ambient laboratory temperature, which was 25.2 °C. Viscosity determinations were made for the BOBCalixC6-based solvent, Simulants #6 and #8, and scrub and strip solutions recovered from scrub and strip dispersion-number determinations pertaining to these simulants. Viscosity measurements were made using a Brookfield digital-indicating, model LV viscometer, equipped with a model ULA-40Y water jacket, a model ULA-31Y sample container, and a model YULA-15 spindle. The water jacket was connected to a water bath that was maintained at 25.0 °C using a Cole-Parmer Polystat circulating heater (model 1253-00). Prior to use, the viscometer calibration was checked using deionized water and a standard viscosity solution (Brookfield Fluid 50, Lot no. 050604, with a viscosity of 48.6 cP at 25.0 °C). The calibration check indicated that the apparatus was accurate to within ±0.2%.
RESULTS AND DISCUSSION
PREDICTION OF CESIUM DISTRIBUTION RATIOS USING CSSX MODEL
The model established in 2003 [16] was used here to predict the D Cs values based on the Hanford feed compositions given in Table 1 . The model is based on general extraction equilibria for univalent metal salts MX, given as
Formal species employed in the model are given in participate in any organic complexes [16] . Two other anions of interest, citrate and phosphate, both bearing a -3 charge, are very hydrophilic and are considered to remain in the aqueous phase. These anions were included as only aqueous species to account for bulk ionic strength. Altogether, the model currently encompasses 3 cations and 10 anions, constituting the main waste components as shown below in Table 6 , though fewer than the number of species stated for each tank. Ions at very low concentrations are ignored. Although further work on the model is desirable in terms of adding other ions that might be extractable (e.g., Rb + , dibutylphosphate, 4-sec-butylphenolate, and TcO 4 -), allowing temperature variation, and responding to changes in modifier concentration, for example, the currently parameterized model is considered useful for the present predictive purpose. For further details on the program and tables of fixed parameters (such as Pitzer's), the reader is referred to previous reports [16] [17] [18] . The values of D Cs predicted by the model for the eight Hanford simulants are given in Table 7 . The model was run assuming an O/A volume ratio of 0.33 and using the ionic composition specified in Table  6 , equilibrium constants shown in Table 5 , and fixed activity and molar-volume parameters reported elsewhere [16] . As expected, the model predicts a strong correlation between the concentration of potassium and the value of the cesium distribution ratio. All values of D Cs are in fact much lower than the value of 14 for the average SRS waste but are still sufficient to attain a CF value of at least 5. Higher CFs could be attained in most cases, but it would likely be difficult to achieve CFs in the more desirable range of 10-15 for the two wastes with the highest potassium levels (#3 and #6).
Although the predicted cesium distribution ratios thus appear reasonable, it was nevertheless felt that experimental validation of the model for the Hanford feeds was advisable. The model was parameterized using data for the extraction of single potassium salts at concentrations as high as 1 M, but as pointed out in the Introduction, it was never validated with actual wastes or simulants with concentrations of potassium higher than respectively 40 mM or 100 mM. Potassium loading of the calixarene will continue to increase as the aqueous potassium concentration is further increased. The concomitant decrease in D Cs is predicted to be significantly below the range in which the CSSX solvent has been tested and where process goals could be compromised. Because high loading of solvent-extraction systems can often be accompanied by changes in speciation and distribution behavior, it was concluded that validation of the model for selected Hanford simulants was necessary to propose reliable distribution ratios as a basis for a conceptual flowsheet. Four different simulants (#3, #6, #7, and #8; see Table 6 ) were selected to bracket especially the range of potassium concentrations in the Hanford simulants but also to bracket the hydroxide and nitrate concentrations, known to be the most important anions in the equilibrium shown in Equation 2 (see Table 5 ). Table 8 for the first extraction contact with each of the four simulants tested.
EXPERIMENTAL DISTRIBUTION RESULTS
Simulants #3, #6, #7, and #8 were tested with the current CSSX solvent in use at the SRS. As discussed in the Introduction, it was also desirable to test the simulants with two variations of an improved CSSX solvent employing BEHBCalixC6 together with a more effective stripping method, as detailed in the subsections below. The tests with the current CSSX solvent were run in duplicates. Because of the small amount of BEHBCalixC6 available, the tests with this ligand were not duplicated. In the manner of sequential batch testing outlined earlier [4] , the tests were conducted as E 2 S 2 S 4 crosscurrent contacts. That is, a single volume of solvent undergoes two extractions, two scrubs, and four strips in sequence with fresh aqueous phases for each contact. All contacts were performed at 25 °C at O:A ratios of 1/3 (extraction), 5 (scrubbing), and 5 (stripping). These conditions represent an ambitious contacting protocol that would achieve the most desired CF of 15 and, with two successive extraction contacts, involves a more severe loading effect than is likely to be encountered in a process. For example, using Simulant #7, which has the highest Cs concentration (2.27 × 10 -4 M), a cesium loading of 10.8% of the calixarene was obtained. Such contacting data can be used for subsequent flowsheet calculations.
Tests with the Current CSSX Solvent
Results for E 2 S 2 S 4 tests conducted for the current CSSX solvent with the four selected Hanford simulants are shown in Table 8 . Duplicates were in good agreement, indicating consistency of technique and absence of sources of random error such as entrainment, temperature fluctuation, and nonequilibrium. Loading effects, which would be indicated by a large drop in D Cs on the second extraction contact, are minor. This follows from the generally low cesium concentrations in the feed, giving a maximum of 6.5% cesium loading of the calixarene per contact (for Simulant #7). Potassium loading would be high in each case and constant from contact to contact, as the aqueous potassium concentrations are much greater than the calixarene concentration. As expected from the modeling, extraction D Cs values fall as potassium concentration in the feed increases. Table 7 shows that the model predictions are sufficiently reliable at high potassium concentrations. In particular, the standard error between the predicted and observed D Cs values is found to be ±11% for the four simulants tested. The predicted D Cs values are systematically low, however, being an average of 7% lower than the corresponding experimental values. This would make flowsheet calculations slightly more conservative for the four simulants not tested.
Despite the variation of the concentrations of cesium, potassium, nitrate, and hydroxide, it may be seen that the performance of the scrub and strip stages is essentially the same from simulant to simulant. Moreover, scrubbing and stripping performance is essentially the same as that obtained for the average SRS waste [6] , where the D Cs values for the two sequential scrubs are 1.14 and 1.35, and stripping D Cs values decrease from 0.116 on the first strip to 0.052 on the fourth strip. The solvent consisted of 0.007 M BOBCalixC6, 0.75 M Cs-7SB modifier, and 0.003 M trin-octylamine in Isopar L diluent. Scrub solutions were 50 mM HNO 3 , and strip solutions were 1 mM HNO 3 . O:A ratios were 1/3 (extraction), 5 (scrubbing), and 5 (stripping). Each test was run in duplicate, as indicated by two columns of distribution ratios (D Cs ) for each simulant.
Batch Performance of Alternative CSSX Solvents and Improved Stripping Method
Markedly improved overall extraction and stripping performance was found to be possible with an alternative CSSX solvent system used with boric acid stripping. Results for E 2 S 2 S 4 tests conducted for two alternative CSSX solvents with the four selected Hanford simulants are shown in Table 9 . Both solvents employed the soluble calixarene BEHBCalixC6 [21] at 20 mM plus 0.75 M Cs-7SB modifier and either 3 mM TOA or 3 mM LIX 79 guanidine suppressor in Isopar L diluent. In comparison with the performance of the current CSSX solvent, extraction D Cs values for the alternative solvent systems tripled (factor of 3.03 ± 0.06), irrespective of the simulant or suppressor used. Following recent improvements in stripping methodology [19, 20] , scrubbing was carried out with 0.1 M NaOH at O:A = 5 and stripping was carried out with 10 mM boric acid at O:A = 5. Scrub D Cs values shown in Table 9 were large enough that a lower NaOH scrub concentration might be considered. Compared with the current CSSX system, stripping performance for the solvent containing TOA was excellent, roughly an order of magnitude better on the first strip and 25-fold better on successive strips. This comparison is illustrated graphically in Figure 1 . The comparison makes it clear that the TOA alternative CSSX solvent system and stripping method can overcome the limitations posed by the high potassium concentration in the Hanford waste feeds, even outperforming the current CSSX flowsheet in use at the SRS.
The LIX 79 guanidinium suppressor was also tested, as it had earlier been found to give even better stripping performance than TOA for SRS type waste [19, 20] . However, Table 9 shows that stripping with the guanidine suppressor was poor under the present conditions, reminiscent of the behavior obtained without any suppressor [4, [25] [26] [27] . Currently, the reason for the failure of the guanidine suppressor is not known. However, the preliminary solvent conditioning with acid, base, and water used here was not employed in the previous work. A reasonable hypothesis is that the guanidine was either precipitated or lost to the aqueous phase in the wash steps used here. Further investigation is needed. Tables 8 and 9 for Simulant #7. The BEHB system contains TOA as the suppressor.
PROCESS ENGINEERING
Flowsheet Design
Flowsheet design was performed using a computer simulation based on the SEPHIS (Solvent Extraction Processes Having Interacting Solutes) code that was developed at ORNL [28] . Basic stagecalculation equations used in SEPHIS were utilized to determine the number of extraction and stripping stages required to achieve target decontamination and concentration factors, the former being the quotient of the Cs concentration in the feed divided by the concentration in the raffinate, the latter being the quotient of the product stream Cs concentration divided by the feed stream concentration. Independent variables in the calculations were the feed Cs concentration; the Cs concentration in the stripped (and recycled) solvent; the number of scrubbing stages; the decontamination factor (DF); the concentration factor (CF); the O:A flow ratios in extraction, scrubbing, and stripping sections of the flowsheet; and the Cs distribution ratios under extraction, scrubbing, and stripping conditions. Flowsheet calculations were performed for all combinations of solvent (BOBCalixC6-and BEHBCalixC6-based) and the four simulants for which distribution ratios were determined. The four simulants bracket the highest and lowest D Cs values, obviating the need to run all eight simulant cases. Results are based on use of the distribution ratios listed in Table 10 , which are averages obtained from the E 2 S 2 S 4 test results. Various cases were run to demonstrate the effect of different DF and CF scenarios. The calculations employed arbitrary, but reasonable, stage efficiencies of 80% to estimate the "actual" number of stages shown; these may be compared with the slightly greater "theoretical" stages assuming that stage efficiencies are 100% (i.e., running at equilibrium). Four scrub stages were arbitrarily assumed, though two are used at the SRS and presumed sufficient [8] [9] [10] . No wash stages were included, as they would not be expected to influence the results; however, two wash stages with 10 mM NaOH, as used at the SRS, are likely necessary for long-term process stability. Results of the flowsheet calculations are presented in Tables 11 and 12 . Under the assumptions made, the calculations show that up to 41 stages of contactors will be needed to achieve DF and CF targets of respectively 5000 and 5 for the current CSSX solvent (BOBCalixC6-based) and the most challenging waste composition (#6). The magnitude of CF is the more influential goal parameter. If the CF requirement is relaxed to 2, the number of stages drops to 31, whereas if the CF requirement increases to 15, the number of stages more than doubles to 74. Dropping the CF requirement compromises IPS goals, however, as treated LAW will be returned to the tanks, making reduction of the volume of the return flow highly desirable. If the required DF is raised to 40,000, the number of stages increases only to 45. While the number of stages is fairly high if a limited footprint is available, considerable improvement in solvent performance is predicted if the BEHBCalixC6-based solvent system and stripping method is employed (Table 12 ). In this case, the most challenging waste feed (#6) and the most ambitious goals (DF = 40,000 and CF = 15) require only 19 stages. Additional flowsheet cases were calculated for both BOB and BEHB solvents with the minimum DF values given in Table 1 and CF = 5; this would allow the elimination of only one or two stages compared with using the uniform DF value of 5000 with CF = 5. 
Contactor Size Determinations
To enable initial cost estimation, a general prediction of the size(s) of contactors required in a flowsheet capable of processing Hanford tank waste at a rate of 20.3 L/min. is needed. The generalized correlation for estimating the radius of a contactor rotor required for a given total throughput was utilized. This correlation is
where q is the throughput in m 3 /s and r is the rotor radius in meters [29] . This correlation was developed based on actual throughput data for contactors used in PUREX applications (i.e., contact of 30% v/v tri-nbutyl phosphate in a hydrocarbon diluent with aqueous nitric acid solutions). As values of properties best indicating phase separation are similar for the subject application and the application on which the correlation is based, it is expected that correlation is valid for the subject case. Dispersion numbers determined under extraction conditions for the subject application under are presented in Table 13 ; stripping condition results are presented in Table 14 . Scrubbing results are similar to those for stripping and are not presented, as they do not limit overall process performance. Density and viscosity values applicable to the Hanford application are presented in Tables 15 and 16 , respectively. It should be noted that detailed design of contactors for use in the flowsheets designed for the subject application cannot be performed using the dispersion numbers determined here, as the values observed are for phase ratios that differ from those found to be optimum with respect to throughput and stage-number requirement.
In collaboration with CH2MHill staff, the flowsheet simulation results were reviewed, and conditions applicable to extraction of Simulant #6 using BOBCalixC6-based solvent in a flowsheet having a DF of 5000 and a CF of 5 were selected as the basis for contactor sizing. (The applicable case is shown in bold type in Table 11 .) On this basis together with the desired processing rate, the total throughputs required in the extraction, scrubbing, and stripping sections of the contactor cascade are 37.35 L/min., 17.05 L/min., and 18.27 L/min., respectively. Rearranging the sizing correlation to solve for rotor radius, the predicted rotor diameters required for processing in each section of the cascade, based on 100% capacity, are 15.8 cm (6.22 in.) in extraction, 11.46 cm (4.5 in.) in scrubbing, and 11.8 cm (4.65 in.) in stripping. More realistically, contactors sized to operate at 75% of capacity have rotor diameters of 17.8 cm (7.0 in.), 12.9 cm (5.0 in.), and 13.3 cm (5.23 in.) in extraction, scrubbing, and stripping, respectively. Based on these results, it appears feasible to utilize commercially available equipment having 5 in. diameter rotors in the scrubbing and stripping sections of the cascade. The next larger size of commercially available equipment has a 10 in. diameter rotor. The projected throughput of this equipment is approximately 120 L/min., which is about 3 times the required capacity in extraction. The disparity between available and needed capacities could result in decreased mixing in the mixing zone of the contactor, leading to poor masstransfer efficiency. Should the need arise to utilize commercial contactor equipment in the subject application, special consideration of this potential problem is advised. 
CONCLUSIONS
It is concluded from batch distribution experiments, physical-property measurements, equilibrium modeling, flowsheet calculations, and contactor sizing that the CSSX process as currently employed for cesium removal from alkaline salt waste at the SRS is capable of treating similar Hanford tank feeds. Because of the higher potassium concentrations in the eight Hanford feed compositions examined, the cesium distribution ratios are depressed on extraction, an effect that was adequately predicted by the CSSX model. Flowsheet calculations showed that the lower cesium distribution ratios degraded overall performance, which still met minimum process goals, defined by a decontamination factor (DF) of 5000 and a concentration factor (CF) of 5, but with large numbers of stages. For the most challenging waste composition, 41 stages would be required. Higher DFs and CFs can be achieved with even more stages, but the CFs that can be achieved are limited. Commercial contacting equipment with rotor diameters of 10 in. for extraction and 5 in. for stripping would have the capacity to meet throughput requirements.
An alternative CSSX solvent used with a new stripping method was shown to markedly improve overall performance. The alternative solvent employs the more soluble extractant BEHBCalixC6 used at 20 mM. The new stripping method requires a scrub with 0.1 M NaOH, which is followed by stripping with 10 mM boric acid. Cesium distribution ratios are tripled on extraction and decimated on stripping, resulting in flowsheets with relatively few stages. For the most challenging waste composition, a DF of 5000 and CF of 5 could be obtained with 16 stages, which increases to only 19 to meet the more ambitious DF of 40,000 and CF of 15. It may be noted that the performance of the CSSX process improvements exceeds the performance of the current CSSX process on the less challenging SRS waste (32 stages to achieve DF = 40,000 and CF = 15) and thus represents a viable multi-site technology option.
Potential future research and development investments that may add value include further development of a) the current CSSX process as applied to Hanford waste, b) the CSSX model, and c) the improved CSSX process. Regarding application of the current CSSX process to Hanford waste types, further engineering efforts would be needed for optimal contactor design. Improvements to the CSSX model are needed. In particular, it is desirable to correct for systematic error in high-potassium situations. It would be worthwhile to expand the model to include distribution of ions not already in the model, temperature variation, and concentration variation of solvent components. It would be helpful to reparameterize the model for an alternative solvent formulation with BEHBCalixC6 and also make the model capable of predicting scrub and strip performance. Perhaps the greatest dividends in research and development would be to further develop the improved CSSX process. Although the results herein are especially promising, a number of chemistry and engineering issues should be addressed. Toward solvent development, the question of whether a guanidine type compound could replace the TOA suppressor needs to be settled. The stability of the solvent needs to be ensured, especially if the TOA suppressor is replaced. The scrubbing and stripping methodology should be optimized. In particular, there is some latitude in selecting the strip solution following a scrub with dilute NaOH [20] . Boric acid is highly effective and has special appeal if vitrification is the destination of the strip solution, which is not the case for the IPS. Hydraulics studies and contactor design will be needed.
Overall, the CSSX process represents a viable technology for cesium removal from Hanford wastes. In its current formulation, however, the process is not as efficient with Hanford feeds as it is with SRS feeds, owing to the higher potassium levels in the Hanford feeds. Some R&D investments in the engineering of the process and the CSSX model are desirable. An improved CSSX solvent formulation and scrub/strip method is highly promising but will need additional development and optimization.
